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142a Sunday, February 26, 2012short ischemic pulses. In mitochondria, complex I produces ROS in the matrix,
while, complex III mainly in the inter-membrane space. We hypothesized that
the deleterious or protective action of ROS might depend by their site of pro-
duction in the electron transfer chain (ETC).
We measured in heart isolated mitochondria ROS production (H2O2) with Am-
plex Red and the calcium-retention-capacity (CRC) with Calcium Green. CRC
provides an indication of mitochondria viability as it measures the Ca2þ re-
quired to induce the opening of the mitochondrial permeability transition
pore (mPTP). Specific substrates for complex I (glutamate/malate), complex
II (succinate) that leads to ROS production in complex III, ETC inhibitors (ro-
tenone and antimycin-A, pro-apoptotic agents), and MnSOD (catalyzes the
conversion of superoxide into oxygen and H2O2) were used.
We found that CRC was much higher in mitochondria energized with
succinate than with glutamate/malate. ROS production by glutamate/malate
stimulation in mitochondria isolated 10 min after ischemia/reperfusion and mi-
tochondria from non-ischemic heart is increased by ETC inhibitors. On the
other hand, ROS production was diminished when in the same conditions
were stimulated with succinate. MnSOD significantly increased ROS produc-
tion when using glutamate/malate, while there was no significant effect with
succinate.
These data strongly suggest that ROS produced in the matrix by complex I
stimulation (glutamate/malate) is cardio-deleterious while when produced by
stimulation of complex II (succinate) within the mitochondrial intermembrane
space is cardioprotective. Supported by NIH and AHA.
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Mitochondria are recognized as dynamic organelles, which constantly undergo
morphological remodeling through fusion and fission processes. However, their
geometric details including individual shape, size, and spatial distribution have
not been quantitatively characterized in adult cardiomyocytes. Standard optical
microscopy is unable to resolve neighboring mitochondria, which are intensely
packed between myofilament bundles and narrow sub-sarcolemmal space. On
the other hand, 3D reconstructs generated by serial thin-section transmission
electron microscopy (EM) or EM tomography can only provide a limited field
of view. We applied a novel advanced 3D electron microscopic technology, se-
rial block-face scanning electron microscopy (SBFSEM), to adult mouse ven-
tricular tissues, segmented mitochondria, and created geometric models of
mitochondrial assembly. Substantially large volumes enclosing neighboring
myocytes were imaged using SBFSEM. Subsequently, we applied spatial anal-
ysis tools using Spatstat R package to quantify organization of mitochondria. In
cross-sectional slices generated from SBFSEM volumes, the boundaries of in-
dividual mitochondria were extracted and the centroid of each boundary was
plotted. Analysis of the distribution of these centroids using a quadrat test of
the intensity plot indicated borderline inhomogenity (p=0.053). The test was re-
run after redrawing quadrats, now incorporating the location of the nucleus in
the 3D stack. The results confirmed that mitochondria were clustered near the
nucleus (p=0.017). The cell-wide inter-point interaction between mitochondrial
centroids calculated by the L-function and the pair correlation function failed to
support organized mitochondrial clustering. In summary, the study revealed the
strength of the new integrated use of SBFSEM imaging and computational
statistics to characterize and parameterize the spatial distribution of cellular
organelles such as mitochondria that are dynamically remodeled under a phys-
iological condition and more intensely in disease settings such as diabetic
cardiomyopathy and heart failure.
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The mechanisms that regulate the control of energy demand and supply in the
myocardium are crucial for maintaining normal cardiac function. Although
a number of mechanisms have been proffered by which mitochondrial supply
of ATP can change to match varying workload in the myocardium, identifyingthe underlying regulatory pathways remains controversial. We describe an
approach to studying this problem in which thermodynamically consistent
mathematical models of the key energy-consuming processes in the cardio-
myocyte (sarcoplasmic endoplasmic reticulum calcium ATPase (SERCA)
[1], sodium pump [2] and the acto-myosin cross-bridge cycle [3]) are coupled
to a model of mitochondrial ATP production within a whole-cell modelling
framework for cardiac excitation-contraction coupling [4]. We use the model
to investigate the metabolic stability hypothesis, wherein energy demand-
supply homeostasis is maintained despite negligible variation in metabolite
concentrations at varying cardiac workloads. We find that under physiological
workloads cellular metabolite concentrations do not change significantly with
increasing workload if a proposed feedback of inorganic phosphate onto
mitochondrial oxidative phosphorylation is present, consistent with the
proposition that Pi-regulation alone is sufficient to maintain metabolic homeo-
stasis in the absence of other regulatory mechanisms. Finally, we use our
model to address the empirically observed linearity of the cardiac ATP vs.
Force-Length-Area curve (the cellular equivalent of the VO2 vs. Pressure-
Volume-Area relationship). We show that the apparent linearity arises from
the near irreversibility of the cross-bridge cycle, but that the linear relationship
may disappear at cardiac workloads high enough that cellular metabolite con-
centrations start to vary.
[1] Biophysical Journal 96 (5), 2029-2042, 2009.
[2] American Journal of Physiology, Heart and Circulatory Physiology 293,
H3036-H3045, 2007.
[3] Biophysical Journal 98, 267-276, 2010.
[4] Biophysical Journal 90, 3074-3090, 2006.
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Cardiomyocyte-like cells have been found in pulmonary veins (PV) of mam-
mals, including humans. These cells are implicated as a possible origin of atrial
fibrillation, yet their biological nature and physiological function remain poorly
understood. We sought 1) to characterize the differentiation states of the
cardiomyocyte-like cells in mouse PV during postnatal development, 2) to de-
termine the distribution of cardiomyocyte-like cells in the vasculature, and 3)
to investigate contractility of the venous cardiomyocyte-like cells in compari-
son with that of myocardium. Western blots using monoclonal antibodies
recognizing cardiac muscle-specific proteins show that normal cardiac myofil-
ament proteins are expressed at significant levels in PV and azygos vein. The
expression of developmentally regulated isoforms of myosin and troponin is
synchronized with that in heart. Transgenic mouse lines expressing b-galacto-
sidase under the control of cardiac troponin T promoter show that the
cardiomyocyte-like cells in PV reside singly and in clusters discontinuous
from the atrial myocardium. Transmission electron microscopy found that
the cardiomyocyte-like cells in PV have sarcomeric structures similar to that
of ventricular cardiomyocytes. Isolated rat PV contracts upon electrical pacing
and responds inotropically to isoproterenol, similarly to that of left atrium strips
and ventricular papillary muscle. The paced contractile pattern of rat PV is dis-
tinct from the physiological contractions of vascular smooth muscle. Our data
demonstrate that the cardiomyocyte-like cells in adult thoracic veins are at
a highly differentiated state similar to that of cardiac myocytes in adult hearts.
While the role of their excitability in the pathogenesis of atrial fibrillation
remains controversial, the ectopic presence of differentiated cardiomyocyte-
like cells provides a valuable model to understand the development and differ-
entiation of cardiomyocytes.
711-Pos Board B497
Analysis of Molecular Movement Reveals Lattice like Obstructions to
Diffusion in Heart Muscle Cells
Ardo Illaste, Martin Laasmaa, Pearu Peterson, Marko Vendelin.
Laboratory of Systems Biology, Institute of Cybernetics, Tallinn University
of Technology, Tallinn, Estonia.
Intracellular diffusion in muscle cells is known to be restricted. While charac-
teristics and localization of these restrictions is yet to be elucidated, it has
been established that ischemia-reperfusion injury reduces these restrictions.
We extended raster image correlation spectroscopy and applied it to estimate
directional anisotropy and coefficients of diffusion in rat cardiomyocytes. We
determined that when comparing diffusion in cardiomyocytes to that in
Sunday, February 26, 2012 143asolution, a smaller molecule (1127 MW fluorescently labeled ATTO633-ATP)
is restricted more than a larger one (10000 MW Alexa647-dextran). We
attempt to provide a resolution to this counterintuitive result by applying
a quantitative stochastic model of diffusion where diffusion obstacles are
formed by a 3D lattice of permeable barriers. The model is able to reproduce
experimental results with periodic intracellular barriers situated 1 mm apart,
having very low permeabilities and a small effect of molecular crowding in
volumes between the barriers. The distances we obtained match those of
several intracellular structures in both longitudinal and transverse directions.
Such intracellular structuring restricts diffusion of molecules of energy metab-
olism, reactive oxygen species and apoptotic signals, enacting a significant
role in normally functioning cardiomyocytes as well as in pathological condi-
tions of the heart.
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Vinculin (Vcl) is a ubiquitously expressed cytoskeletal protein that localizes at
cell adhesion sites in cardiomyocytes. It is a key component in the costamere,
which anchors the sarcomeric cytoskeleton to the extracellular matrix via
integrins. It has been previously shown that it plays a significant role in
mechanotransduction and may affect myocardial mechanical function in
a directional-dependent manner. To determine the role of Vcl in regional
wall mechanics, cardiac MRI tagging was performed in a cardiac-myocyte-
specific vinculin knockout (VclKO) mouse model revealing significant de-
creases in systolic sheet-normal shear strain (P<0.05) and systolic sheet strain
(P<0.05) in KO mice compared with littermate wildtype (WT) controls. In
addition, measurements in isolated papillary muscles in heterozygous global
vinculin knockout mice showed no difference in isometric fiber tension devel-
opment consistent with no change in systolic fiber strain in vivo. A finite
element model of ventricular mechanics suggested an increase in transverse
systolic stress development may explain these observations. We hypothesized
that this may be due to an increase in myofilament lattice spacing in the
VclKO. Lattice spacing and sarcomere length were measured from optical
diffraction patterns generated from FFTs of electron micrographs of VclKO
and control hearts. The center-to-center spacing between myosin filaments
was 37.652.55 nm in barium-contracted VclKO hearts (n=3) compared with
32.952.37 nm in WT controls (n=3). In hearts fixed at zero load, this spacing
averaged 33.551.35 nm in VclKO (n=3) vs. 30.850.68 nm in WT (n=3).
These results along with sarcomere length measurements suggest Vcl can
mediate myofilament architecture and hence directional-dependent systolic
force generation. We hypothesize that increasing lattice spacing alters the
crossbridge binding angle of myosin heads, increasing the transverse force
that they generate. The resulting increase in transverse myofiber stiffness dur-
ing systole decreases systolic sheet strains.
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In cardiac cells there is a dramatic switch at birth in metabolism from glycol-
ysis to fatty acid utilization. This switch is paralleled by a switch between the
two isoforms of hexokinase, HK1 and HK2, which phosphorylate glucose as
the first step in glycolysis. HKI predominates in neonatal cardiac myocytes
(NRVM) and HKII in adult cardiac myocytes. Using real time optical methods
in isolated cells to study the function and localization of HKs, we found that
NRVMs have a much higher glycolytic activity than adult cells. This increased
activity is accompanied by stronger HK’s interaction with mitochondria
as judged by fusion of HK’s with fluorescent proteins. In both cell types,
all HKI is bound to mitochondria, while HKII distributes between the mito-
chondria and cytosol. Removal of extracellular glucose displaces HKII from
mitochondria in adult cells, but not in NRVMs. The glycolytic inhibitor iodoa-
cetate, which raises intracellular G6P levels, displaced HKII from the
mitochondria in both adult and NRVMs but had no effect on HKI distribution.
Based on these results, we attribute elevated glycolytic activity of NRVMs to
their preferential expression HKI, whose intrinsically higher binding affinity
for mitochondria directs glucose and G6P to glycolysis instead of glycogen
formation. This in turn lowers G6P levels, facilitating the interaction ofHKII with mitochondria. Since HK binding to mitochondria facilitates cardio-
protection, this factor may also account, at least in part, for the greater resis-
tance of NRVMs to ischemia/reperfusion injury compared to adult cardiac
myocytes.
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The principal acid-extruding proteins in ventricular myocytes are Naþ/Hþ ex-
change (NHE1) and Naþ-HCO3
- cotransport (NBC). We explored their spatial
distribution and activity in enzymically isolated adult rat ventricular myocytes
(ARVM). Confocal images of ARVM immunostained with Alexafluor 488-
coupled antibodies (n=4 to 60) revealed strong expression for NHE1 at interca-
lated discs, with lower surface-sarcolemmal expression. For NBCe1 and n1,
there was intense expression in the transverse tubules (t-tubules) and some at
the sarcolemmal-surface.
We studied functional pHi regulation in control and detubulated myocytes.
Detubulation was achieved using transient exposure to 1.5M formamide,
and was confirmed by a) large absence of t-tubule staining with 8-di-ANEPPS,
b) reduced membrane capacitance (138511 pF; n=10 vs 236525 pF; n=14,
p<0.05), c) reduced L-type Ca2þ-current amplitude (2.550.5 pA/pF; n=9 vs
5.050.8pA/pF; n=8, p<0.05), and c) spatially non-uniform upstroke
of electrically-evoked Ca2þ-transient. Hþ-equivalent efflux on NBC was
measured during whole-cell pHi-recovery from an acid load (recorded with
AM-loaded SNARF; 5%CO2/22mMHCO3
- superfusates containing 30mM
cariporide; flux=dpHi/dt x intracellular buffering power). In detubulated
cells, flux was reduced by ~40% over the pHi range 6.55-6.85 (n=10,
p<0.05). In contrast, Hþ efflux on NHE (Hepes-buffered Tyrode) was unaf-
fected (n=9, NS).
In control ARVM, NHE1 activation produced spatial pHi-gradients along the
major and minor axis of the cell (confocal pHi-imaging: 0.08650.028 and
0.05050.015 pH units respectively, n=4), whereas no pHi-gradients were ob-
served for comparable Hþ-efflux through NBC.
We conclude that NHE1 and NBC transporters show differential spatial expres-
sion in ARVM. NBC has privileged access to pH control of the EC-coupling
apparatus in the t-tubules, while NHE1 will dominate the proton-control of
gap junctions at intercalated discs. The spatial trafficking of NHE and NBC
suggests a local control of pH in different regions of the cell.
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ZASP (Z-band alternatively spliced PDZ-motif protein, Cypher, Oracle) is
a protein on the Z-line of the sarcomere and exists in long and short isoforms.
The short isoforms lack the three LIM domains at the C-terminus of the protein
and it is suggested that the long and short isoforms may have distinct roles in
cardiac function. The posttranslational modification O-GlcNAc was detected
on ZASP in human cardiac myofibril extracts (the insoluble fraction of tissue
homogenization) by enzymatic labelling, by attaching the unnatural sugar
N-acetylgalactosamine (UDP-GalNAz) onto O-GlcNAc groups using a mutant
enzyme (Y289L b1,4-galactosyltransferase) and coupling to it the tetramethylr-
hodamine (TAMRA) fluorescent tag. Intense fluorescence signal was detected
in SDS-PAGE of one of the protein bands, at ~90 kDa, for all the 10 samples
tested. The protein was identified to be ZASP by MALDI-TOF/TOF analysis,
and it forms less than 0.5% of all proteins in the insoluble fraction as deter-
mined in Coomassie Blue stained gels. Western blotting of the same extracts
using a polyclonal antibody to ZASP detected protein bands at ~80-90 kDa,
~40 kDa and ~30 kDa. Antibodies to O-GlcNAc (CTD110.6 and RL2) detected
the same ~80-90 kDa bands as O-GlcNAcylated. ZASP is present in approxi-
mately the same amount in the soluble fraction of cardiac tissue homogeniza-
tion. Western blotting of this soluble fraction shows only the ~80-90 kDa bands
were detected by the ZASP and O-GlcNAc antibodies, but not bands of lower
molecular weights. This study suggests that the O-GlcNAcylation is only pres-
ent in the long but not the short isoforms of ZASP, giving the possibility that
the O-GlcNAc site(s) is present in the LIM domains, important for maintaining
Z-line integrity.
